salinities differed between inshore and offshore sites and in general matched observed signatures 31 of inshore and offshore cod. The Bonavista Corridor cod, however, were an exception, having 32 δ 18 O oto signatures suggestive of inshore exposure. Our findings provide direct evidence of 33
The historic range of the "Northern" cod (Gadus morhua) stock extended from the Hamilton 38
Bank region off Labrador, Canada, to the northern Grand Bank occupying Northwest Atlantic 39
Fisheries Organization (NAFO) Divisions 2J3KL (Fig. 1) . Long recognized as a stock complex 40 (Lear 1986 ), the largest components overwintered and spawned offshore in warm (~2-4°C) water 41 on the continental shelf and slope (Templeman 1962; Fitzpatrick and Miller 1979; Hutchings et 42 al. 1993 ). In spring, cod migrated inshore to feed, primarily on capelin, utilizing several deep 43 channels that undercut the outer parts of the cold Labrador Current (Lear 1984; Rose 1993) . The 44 stock complex also included smaller groups of inshore residents that overwintered and spawned 45 in the colder (at times sub-zero) coastal habitats in winter, spring and early summer (Templeman 46 and Fleming 1956; Goddard et al. 1994 Ruzzante et al. 2001 ). In the 51 offshore, cod "hyper-aggregated" in large shoals in their southernmost migration channel, the 52 D r a f t Bonavista Corridor, as the stock declined (Rose 1993 ; Rose and Kulka 1999) . By 1993, few cod 53 remained there (Rose et al. 1994) , and by 1994, few were evident anywhere within the former 54
Northern cod offshore range (Bishop et al. 1995; Rose 2007) . 55 56 In the spring of 1995, with offshore components of the Northern cod at their lowest levels in 57 recorded history (Bishop et al. 1995 ), a relatively large aggregation (10,000 t) appeared inshore 58 in Smith Sound, Trinity Bay, a fjord adjacent to the Bonavista Corridor (Rose 2003 ; Rose et al. 59 2011) . The majority of individuals in this aggregation were 5 years old (1990-year class), 60 accompanied by some 6-year-olds (1989 year-class), and were likely first-time spawners. By 61 early that summer, most had migrated out of Smith Sound, but they returned each fall for the 62 next decade to overwinter. They spawned both there and during the early phases of the outward 63 The rise and fall of the Smith Sound cod was attributed not to an event isolated from adjacent 72 groups, but to metapopulation dynamics (Rose et al. 2011 ). In keeping with this notion, the 73 offshore trawl survey conducted by Department of Fisheries and Oceans Canada (DFO) showed 74 unexpected and difficult to explain increases in some year classes during the time the Smith 75 D r a f t Sound cod dispersed. Potential links between Smith Sound cod and those inhabiting the offshore 76 were further supported by improvements in the fit of stock assessment models that included the 77 Smith Sound cod as a component of the full Northern cod stock not surveyed by the offshore 78 survey (Cadigan 2016 ). The improved model fit assumed a lower catchability (q) for the offshore 79 survey until the Smith Sound cod rejoined the offshore. It was apparent, nonetheless, that direct 80 evidence of links between the Smith Sound cod and those from offshore regions was lacking 81 were taken from cod caught in January from the main aggregation were most likely those of 116 overwintering migrants, whereas cod caught in June of the same year-class, after the aggregation 117 had migrated beyond the Smith Sound, were more widely dispersed within Smith Sound and will 118 be referred to as residents. In all other regions, cod were caught between May and July from 119 spawning and post-spawning aggregations. In all cases, otoliths were extracted from sampled 120 cod, dried and stored in envelopes. Northwest Atlantic Fisheries Centre, St. John's). Right otolith age data were used to identify age-126 and year class information for the sample. For this study, otoliths from a selection of cod (chosen 127 haphazardly based on availability) from the 1990-year class were analyzed (Table 1) . 128
129
To test if overwintering and resident cod had differing growth patterns, as might be expected if 130 these groups had differing ranges or migratory habits, lengths of aged cod caught with a 131
Campelen 1800 bottom trawl fished from the RV Teleost in winter and summer in Smith Sound 132 from 1996 to 2003 were compared. von Bertalanffy curves (using nonlinear least squares 133 regression) were fit for each group. Using the estimated parameters from these curves we back-134 calculated length-at-age and tested whether the products of these calculations were different at 135 each age using a Welch's two sample t-test. First, we treated age as a categorical variable, from 136 1-10. However, this method may have been confounded by the fact that Smith Sound migrants 137 (collected in January-February) were approximately 6 months younger than Smith Sound 138 residents (collected in June). To explore an approximation to the extent of size differences 139 between these groups, we subsequently corrected the age data by accounting for the true age 140 (Year + # of days/365) of individuals. We re-ran the analysis with the age of the fish converted 141 to a decimal age (i.e. 1.43 years old) while assuming a birthdate of 01/Jan. After several batches of samples had been assayed, it was observed that the quality of the δ 18 O oto 174 sample signal precision began to deteriorate when minute amounts of material were assayed on 175 the IRMS. Specifically, measurements of δ 18 O oto began to drift when the amount of material 176 assayed produced peaks with an area of less than 2.5 Vs (volts seconds). To ensure best results 177 with minute amounts of material, following the method of Breitenbach and Bernasconi (2011), 178
we proceeded to use smaller EXETAINER® vials (4.5 mL) than the customary (12 mL) ones 179 that had initially been used in this study. The use of smaller vials with decreased headspace 180 enabled smaller samples (range: 10-30 µg) to be analyzed using the GasBench II preparation 181 device and significantly improved the quality of data collected. As a result of this issue, all 182 values below the 2.5 Vs threshold (which reflected failed assays) were removed prior to 183 statistical analysis. 
Results

246
Otolith isotopes 247
For the 87 cod otoliths used in this study, 1423 micromilled powder samples were assayed on the 248 IRMS. Of these, 1095 samples (77%) satisfied the peak area threshold of 2.5Vs. δ 18 O oto was 249 typically, lowest in the first annulus and increased in subsequent annuli (Fig. 4) . Differences in 250 The δ 18 O oto of overwintering and resident cod in Smith Sound differed significantly in annuli 1, 258 4, 6, 7, and 8 ( Fig. 4a ; Table 2 ). Cod sampled in winter (January-February) from the 259 overwintering aggregation were significantly (p<0.001) larger at all ages than resident cod 260 sampled in June (Fig. 5 ). These differences were highly significant (p<0.001) when age was 261 treated categorically; Smith Sound Winter migrants were ~2 cm larger at all ages (except for age 262 1; Fig. 5a ). Further, when the age data was corrected to include decimal years, the discrepancies 263 between the Smith Sound migrants and residents increased (~5.4 cm, p<0.001; Fig. 5b) . annuli 1, 6, 7 and 8 ( Fig. 4j ; Table 2 ). In contrast, there was no significant difference between 272 δ 18 O oto in any annuli, of cod overwintering in Smith Sound and sampled in summer in the 273 Bonavista Corridor (Fig. 4 ; Table 2 ). Table 2 ) except for annulus 1, which was depleted relative to other annuli and not 278 significantly different from annulus 1 from resident Smith Sound cod ( Fig. 4f, h ; Table 2 ). The 279 higher δ 18 O oto signatures for otoliths from cod in the Halibut Channel were consistent with the 280 higher δ 18 O sw of the collection site (Fig. 3) . All available data on bottom δ 18 O sw from waters around Newfoundland and Labrador indicated 292 that low salinity and lower δ 18 O sw were prevalent in most inshore regions, with both variables 293 increasing with depth toward the offshore (Fig. 1) . 294 295
Predicted δ 18 O oto 296
Predicted δ 18 O oto for each of the origin sites based on ambient temperature and salinity in each 297 area reflected the inshore-offshore trend shown in measured δ 18 O sw (Fig. 1) . The offshore sites 298
Bonavista Corridor and Halibut Channel had the highest predicted δ 18 O oto values, with Halibut 299 D r a f t Channel predicted δ 18 O oto slightly lower than for the Bonavista Corridor (Fig. 3) . By comparison, 300 predicted δ 18 O oto for the inshore sites Smith Sound and Placentia Bay were 50% lower than for 301 the offshore sites. In general, the measured δ 18 O oto signatures were congruent with predictions, 302 with the exception of Bonavista Corridor. For this area, observed δ 18 O oto were less than predicted 303 δ 18 O oto for this offshore region and similar to predictions and observations for inshore areas. The results of these otolith assays indicated that cod from the overwintering aggregation in Smith 308
Sound had δ 18 O oto signatures that were virtually identical to those of the same year-class in the 309 Bonavista Corridor in summer (Fig. 4a) . These near-identical δ 18 O oto signatures held for each 310
year from age 1 (1990) to age 8 (1998), including the 5 years prior to the onset of the aggregation 311 in Smith Sound in 1995. This result suggests that these cod inhabited similar environments from 312 age 1 onward. Furthermore, the low δ 18 O oto (~1.5 ‰ VPDB) suggests that the juvenile habitat 313 was largely inshore. The increase in δ 18 O oto up to age 5 with relative stability at older ages is 314 consistent with known ontogenic changes of range with age. Northern cod juveniles (1-3) are 315 relatively sedentary in inshore habitats with gradual range and depth increases until a year before 316 maturation (age 4-5) when adult migratory behaviour and range become apparent (Anderson and 317 Conventional tagging studies had previously demonstrated that migration of cod from Smith 326 Sound in spring occurred mostly to the north along the coast, but lack of fishing effort precluded 327 any knowledge of potential offshore movements (Brattey 2000) . Telemetry studies tracked large 328 cod (>65 cm) solely along the shore (Brattey 2000) . Notably, when cod were tagged in the 329 Overwintering Smith Sound cod not only had different δ 18 O oto signatures than residents but were 357 significantly larger (p<0.001). It is noteworthy that the Smith Sound overwintering cod were 358 actually ~6 months younger (when sampled in January-February) than summer residents 359 sampled in June, yet the size differences were still apparent. Seasonally adjusted discrepancies 360 between migrants and residents in Smith Sound increased to ~5.4 cm at all ages (p<0.001; Fig.  361 5b). Size discrepancies between these groups are consistent with migrants and residents being 362 different ecotypes (Bardarson et al. 2017 ) occupying different habitats as they mature and likely 363 utilizing different food sources for at least part of the year. 364 365 Given similar thermal regimes, migrating cod are likely to have higher growth rates than 366 residents because they access better feeding conditions when they migrate from the 367 overwintering-spawning area (Rose et al. 1994; Atkinson and Sibly 1997) . Although the thermal 368 D r a f t environments of the sampled cod are not known, migrating offshore in summer would likely lead 369 to a colder not warmer environment than inshore, and hence poorer growth. However, in the 370 years in question, capelin migration from offshore to coastal spawning locations was much 371 delayed from historical norms (Nakashima and Wheeler 2002) , and most capelin would have 372 been offshore in June. This differs from historical behaviour, when capelin onshore migration 373 would have been well underway by June. Hence, a possible explanation for cod moving offshore 374 after spawning and into colder waters may be the location of key prey, especially capelin, the 375 historical motivation for the post-spawning migration (Rose et al. 2011 . 1) and have strong and similar freshwater inputs from adjacent regions; hence the similarity 390 of their inshore signatures was not unexpected. Both inshore groups had δ 18 O oto signatures that 391 D r a f t were lower than Halibut Channel cod that were unlikely to have migrated inshore based on 392 tagging studies (Healey et al. 2014 ). It remains unexplained, nonetheless, that both of these 393 inshore groups had δ 18 O oto signatures that were generally higher than those of the overwintering 394 cod in Smith Sound. It might have been expected that inshore residents would exhibit not only 395 different signatures from migrants, as observed, but at lower not higher δ 18 O oto . Increased sea 396 temperatures result in lower δ 18 O oto as a consequence of temperature-dependant fractionation and 397
year-round residency inshore would almost certainly lead to higher ambient temperatures during 398 the main growth period of summer and fall in this stock, relative to fish that migrated to offshore 399 waters influenced by the cold Labrador Current. This hypothesis might explain 400 the elevated δ 18 O oto signatures of inshore cod, but requires further investigation. 401
402
The predicted isoscape was generally consistent with observed cod δ 18 O oto measurements, with 403 δ 18 O oto signatures lower inshore than offshore, based on the Halibut Channel cod being the 404 the offshore out-group. These fish had high observed δ 18 O oto signatures at all ages (except age 1) 405 that were highly congruent with predicted δ 18 O oto based on ambient salinity and temperature 406 data. In agreement with tagging studies, there was little isotopic evidence of inshore migration 407 from this site to environments with lower ambient δ 18 O oto (Healey et al. 2014) . Despite this, 408 slight offsets (small compared to differences among groups) were evident between predicted and 409 observed δ 18 O oto . Offsets were also reported in a study of plaice (Pleuronectes platessa) in the 410 D r a f t complex. This term was used to describe the composite inshore and offshore overwintering and 438 spawning components that comprised the management unit (based mostly on mark-recapture 439 studies (e.g., Templeman 1962; 1979; Lear 1984) . More recently, Smedbol and Wrobleski 440 (2000) modeled the sub-population structure of cod in this region as a metapopulation, 441 employing survey data spanning the range of the stock and beyond to the north (NAFO 442 2GHJ3KL). These authors reported that cod in most northerly regions (NAFO 2GH) had become 443 commercially extinct prior to the declines farther south, with declines occurring progressively 444 from north to south and the most southerly region of the stock in the Bonavista Corridor 445 remaining strongest (also see ). Smedbol and Wroblewski (2002) predicted 446 that if the full stock was to rebuild, it would likely be by recolonization rather than local growth. 447
In a follow-up paper, Smedbol et al. (2002) stressed that their definition of a metapopulation did 448 not require local extinction, just major reduction. Error bars represent 95% confidence intervals.
D r a f t D r a f t Figure 5 . Length-at-age and fitted von Bertalanffy curves for overwintering (January-February samples, triangles) and resident Smith Sound cod (June, circles). a) Cod captured in January -June were treated as the same age b) corrected for intra-annual differences in age.
